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Major theories on the neural basis of schizophrenic core symptoms highlight aberrant salience network activity (insula and anterior
cingulate cortex), prefrontal hypoactivation, sensory processing deﬁcits as well as an impaired connectivity between temporal and
prefrontal cortices. The mismatch negativity is a potential biomarker of schizophrenia and its reduction might be a consequence of
each of these mechanisms. In contrast to the previous electroencephalographic studies, functional magnetic resonance imaging may
disentangle the involved brain networks at high spatial resolution and determine contributions from localized brain responses and
functional connectivity to the schizophrenic impairments. Twenty-four patients and 24 matched control subjects underwent func-
tional magnetic resonance imaging during an optimized auditory mismatch task. Haemodynamic responses and functional con-
nectivity were compared between groups. These data sets further entered a diagnostic classiﬁcation analysis to assess impairments
on the individual patient level. In the control group, mismatch responses were detected in the auditory cortex, prefrontal cortex
and the salience network (insula and anterior cingulate cortex). Furthermore, mismatch processing was associated with a deacti-
vation of the visual system and the dorsal attention network indicating a shift of resources from the visual to the auditory domain.
The patients exhibited reduced activation in all of the respective systems (right auditory cortex, prefrontal cortex, and the salience
network) as well as reduced deactivation of the visual system and the dorsal attention network. Group differences were most
prominent in the anterior cingulate cortex and adjacent prefrontal areas. The latter regions also exhibited a reduced functional
connectivity with the auditory cortex in the patients. In the classiﬁcation analysis, haemodynamic responses yielded a maximal
accuracy of 83% based on four features; functional connectivity data performed similarly or worse for up to about 10 features.
However, connectivity data yielded a better performance when including more than 10 features yielding up to 90% accuracy.
Among others, the most discriminating features represented functional connections between the auditory cortex and the anterior
cingulate cortex as well as adjacent prefrontal areas. Auditory mismatch impairments incorporate major neural dysfunctions in
schizophrenia. Our data suggest synergistic effects of sensory processing deﬁcits, aberrant salience attribution, prefrontal hypoac-
tivation as well as a disrupted connectivity between temporal and prefrontal cortices. These deﬁcits are associated with subsequent
disturbances in modality-speciﬁc resource allocation. Capturing different schizophrenic core dysfunctions, functional magnetic
resonance imaging during this optimized mismatch paradigm reveals processing impairments on the individual patient level,
rendering it a potential biomarker of schizophrenia.
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Introduction
Schizophrenia is a major mental disease characterized by
various disturbances of perception, emotion and cognition.
In the absence of any biological markers, the diagnosis is
made on the basis of cross-sectional symptoms and the lon-
gitudinal course of the disease. Extensive research has been
conducted to disclose the neurobiological mechanisms of
schizophrenic core symptoms such as positive and negative
symptoms as well as cognitive deﬁcits. Based on a broad
range of empirical ﬁndings, major pathophysiological con-
cepts highlight, among others, aberrant salience network
activity (insula and anterior cingulate cortex, ACC), pre-
frontal hypoactivation, sensory processing deﬁcits as well
as an impaired connectivity between temporal and prefrontal
cortices. Aberrant salience network activity has been con-
sidered to underlie positive symptoms such as delusions
and hallucinations due to an inappropriate assignment of
salience to stimuli that would normally be considered irrele-
vant (Menon, 2011; Palaniyappan et al., 2011, 2012).
Prefrontal cortex dysfunction is widely supposed to account
for negative symptoms (Wolkin et al., 1992) and cognitive
deﬁcits (Barch et al., 2012) in schizophrenia, given the simila-
rities to clinical features of patients with frontal lobe lesions.
This ‘hypofrontality hypothesis’ is further supported by a var-
iety of neuroimaging studies that revealed a close link between
frontal hypoactivation and negative symptoms (Wolkin et al.,
1992; Potkin et al., 2002).
A further well-documented ﬁnding in schizophrenia is early
sensory processing deﬁcits (Javitt, 2009a, b) that localize to
primary and secondary sensory cortices. These deﬁcits, present
across different sensory domains, are considered to further
contribute to higher order cognitive dysfunction.
Extending these concepts of localized brain dysfunctions,
the dysconnection hypothesis of schizophrenia (Friston and
Frith, 1995; Stephan et al., 2006) emphasizes the abnormal
interaction between different brain areas as the central
pathogenic factor. Within this framework, disrupted func-
tional connectivity between prefrontal and temporal
cortices is considered to be of special pathophysiological
signiﬁcance, e.g. auditory hallucinations have been assigned
to a reduced functional connectivity between the auditory
cortex and the ACC (Friston and Frith, 1995).
All of the aforementioned mechanisms may underlie one
of the best-replicated neurophysiological deﬁcits in schizo-
phrenia: the reduction of the mismatch negativity (MMN).
In electroencephalography (EEG), the MMN is an event-
related potential component elicited by deviants within a
sequence of repetitive auditory stimuli (Na¨a¨ta¨nen, 1995). It
is considered to originate in the auditory cortex. Additional
contributions from the prefrontal cortex (Baldeweg et al.,
2002; Schall et al., 2003) and the salience network
(Waberski et al., 2001; Schall et al., 2003; Takahashi
et al., 2012) may initiate a subsequent involuntary switch
of attention and resource allocation.
Functional MRI precisely localizes cerebral generators of
the mismatch response (Mathiak et al., 2002a; Schall et al.,
2003). This technique may be superior in delineating fron-
tal mismatch deﬁcits in schizophrenia, which topographic
EEG studies found to be most prominent and speciﬁc to
N-methyl D-aspartate receptor (NMDAR) effects
(Baldeweg et al., 2002; Schmidt et al., 2012; Takahashi
et al., 2012). To our knowledge, only two studies investi-
gated the haemodynamic analogue of auditory mismatch
responses in schizophrenia; both studies were based on a
relatively small number of participants and did not detect
frontal activation (Wible et al., 2001; Kircher et al., 2004).
Resource allocation to the auditory modality, which is
considered to be initiated in the prefrontal cortex, may fur-
ther induce activity changes in other sensory networks
(Schock et al., 2013). Given the role of NMDARs for syn-
aptic plasticity during perceptual learning, the schizo-
phrenic mismatch impairments may also reﬂect a
disturbed interaction (i.e. dysconnectivity) of the sensory
systems with the prefrontal cortex and the salience network
(Stephan et al., 2006). Such distributed deﬁcits in mismatch
processing may be potent biomarkers for schizophrenia
(Stephan et al., 2006; Belger et al., 2012), in particular,
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as MMN does not depend upon directed attention or task
motivation. Nevertheless, their potential for diagnostic clas-
siﬁcation has not been systematically studied yet. Previous
research based on resting state functional MRI in schizo-
phrenia suggests that functional connectivity measures can
inform classiﬁers on disease status (Tang et al., 2012). Such
multivariate methods should be used to investigate the dy-
namic interplay of networks during mismatch processing
(Stephan et al., 2006) because they gather information
from distributed dysfunctions and dysconnectivity.
Classiﬁers may integrate information of independent def-
icits such as sensory deﬁcits (Siegel et al., 1984; Javitt,
2009a, b), aberrant salience processing (White et al.,
2010), and impaired connectivity (Friston and Frith,
1995; Stephan et al., 2006).
The present study aimed at characterizing neural net-
works at high spatial resolution, which are dysfunctional
during mismatch processing in schizophrenia. Therefore, by
using a modiﬁed optimized mismatch design (Na¨a¨ta¨nen
et al., 2004; Tho¨nnessen et al., 2008), whole-brain func-
tional MRI responses to auditory mismatch stimuli and
functional connectivity were compared between patients
with schizophrenia and matched control subjects. Further,
classiﬁers assessed feature vectors with increasing dimen-
sionality from the task-related brain activity and func-
tional connectivity measures. This informational approach
enabled to assess processing impairments at the individual
patient level and disentangle the pathophysiological contri-
butions of different neural dysfunctions to impaired mis-
match processing in schizophrenia.
Materials and methods
Participants
We investigated 24 schizophrenia patients (10 female) with a mean
age of 36.1  9.2 years and a matched control group. The patients
were recruited through the Department of Psychiatry of the
University Hospital Aachen and an academically associated psychi-
atric clinic (Katharina Kasper Via Nobis GmbH, Hospital for
Psychiatry and Psychotherapy, Gangelt, Germany). The
International Classiﬁcation of Diseases (ICD-10) diagnoses were
ascertained by two experienced psychiatrists. Using the German
version of the Structured Clinical Interview (SCID), the diagnoses
were also conﬁrmed according to Diagnostic and Statistical
Manual of Mental Disorders Fourth Edition (DSM-IV) criteria in
all but one patient. The latter patient was diagnosed with schizo-
phreniform disorder, as the DSM-IV time criterion of 6 months for
schizophrenia was not fulﬁlled. Patients with other acute
psychiatric or any neurological co-morbidity were excluded.
Clinical features and medication are described in Table 1.
The control group comprised 24 healthy subjects, matched for
age (36.4 9.3 years), gender (10 female), and parental education.
All but one participant were right-handed as rated by the Edinburgh
Handedness Inventory. The experimental protocol was approved by
the local Ethics Committee of the RWTH Aachen University
Hospital. Written informed consent was obtained from all partici-
pants, following a complete description of the study.
Stimuli
In the modiﬁed optimized mismatch design, auditory stimula-
tion comprises one standard and ﬁve types of deviant tones
(Na¨a¨ta¨nen et al., 2004; Tho¨nnessen et al., 2008). All stimuli
were spectrally rich tones synthesized by three sinusoidal par-
tials with the second and third partials being softer by 3 and
6 dB, respectively (Tervaniemi et al., 2000). The standard tones
comprised partials at 500, 1000 and 1500Hz, lasted 100ms,
and were presented binaurally via headphones at 90 dB sound
pressure level. The ﬁve deviant types (10% each) differed from
the standard stimulus with regard to exactly one of the follow-
ing ﬁve features, leaving the others in 90% of the events
in their standard conﬁguration: (i) frequency – half of
the frequency deviants were 33% higher (667, 1333 and
2000Hz) and another half 33% lower (333, 667,
and 1000Hz) than the standard stimulus; (ii) duration –
deviants were either half as long (50ms) or twice as long
(200ms) as the standard stimulus; (iii) amplitude – deviants
were 10 dB louder or 10 dB softer than the standard stimulus;
(iv) gap – deviants were created by including a pause of 25 or
50ms in the middle of the standard stimulus; and (v) location
– deviants featured an interaural time difference of 1ms and a
matching interaural amplitude difference of 3 dB in favour of
the left or the right channel. The perceived azimuth of the
sound source resulted as 90 to the left or the right side,
whereas the standard binaural stimulus was perceived in the
centre. All auditory stimuli were generated using Matlab
2011b software (Mathworks).
Experimental design
The functional MRI paradigm had a total duration of 8min.
In a block design, eight standard blocks with 30-s duration
each comprised only the standard stimuli and eight mismatch
blocks (also 30-s duration) comprised standard and deviant
stimuli. Each of the ﬁve types of deviants was presented with
a probability of 10%, yielding a probability of 90% for each
feature to be presented in its standard value. The auditory
stimuli were presented at a constant stimulus onset asynchrony
of 500ms resulting in 60 stimuli per block.
The structure of the mismatch blocks was adopted from the
optimized mismatch paradigm (Na¨a¨ta¨nen et al., 2004). This
paradigm was chosen because in the previous comparative
EEG- MEG (magnetoencephalography) study, it was more sen-
sitive to the deﬁcit in schizophrenia in comparison to a stand-
ard oddball paradigm with deviants in 20% of the stimuli only
(Tho¨nnessen et al., 2008; Zvyagintsev et al., 2008). The two
variants of each deviant type were presented with equal prob-
ability. Within the mismatch blocks, the deviants were pre-
sented as every second stimulus with the restriction that two
deviants of the same category never followed each other
(Fig. 1). The participants were instructed to ignore the audi-
tory stimuli and to watch a movie played without sound
(Koyaanisqatsi, Godfrey Reggio, IRE Productions, NM, 1982).
Data acquisition
MRI was conducted using a 3T Tim Trio Scanner (Siemens) with
a 12-channel head coil. Anatomical reference imaging applied a
T1-weighted 3D sequence (echo time = 2.98ms; repetition
time = 2300ms; inversion time = 900ms; ﬂip angle = 9; ﬁeld of
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view = 256  256mm2; voxel size = 1  1  1mm3; 176 sagittal
partitions). Echo-planar imaging obtained T2*-weighted images
of the whole brain (echo time = 36ms; repetition
time = 1800ms; ﬂip angle = 72; voxel size = 3  3  4mm3;
gap = 0.5mm; ﬁeld of view = 192  192mm2; matrix
size = 64  64; interleaved acquisition of 26 transverse slices).
Preprocessing
Functional MRI data analysis was performed using
BrainVoyager QX 2.6 (Brain Innovation) and Matlab 2011b
(Mathworks). The ﬁrst ﬁve images of each run were discarded.
The preprocessing included: slice-time correction, mean inten-
sity adjustment, motion correction, spatial smoothing (6mm
full-width at half-maximum Gaussian kernel) and temporal
high-pass ﬁltering (0.006Hz). Adapting the data to the func-
tional connectivity analysis, the functional MRI time courses
were further corrected by regressing out the average signals
obtained from the white matter, CSF and a region outside
the brain. Head motion parameters and a discrete cosine func-
tion set were also included in the regression model.
After preprocessing, functional data were co-registered to the
individual high-resolution anatomical images. Both the ana-
tomical and functional images were transformed into
Talairach space.
General linear model analysis
Functional MRI data were subjected to a general linear model
(GLM) analysis. The mismatch condition served as the pre-
dictor of interest and was modelled with a boxcar function
convolved with the canonical haemodynamic response func-
tion; the standard condition served as a baseline. The beta
estimates from the individual GLMs entered a second level
random effects analysis. Contrast maps were created by apply-
ing paired t-tests comparing the mismatch versus standard
(baseline) condition for each group separately as well as a
two sample t-test for the between-groups comparison. The
threshold was set to P50.05 for a cluster size threshold,
which was estimated by a Monte-Carlo simulation based on
10 000 iterations (Forman et al., 1995).
Table 1 Sociodemographic characteristics of schizophrenia patients and healthy control subjects
Characteristic Controls (n = 24) Patients (n = 24) Comparison
Mean SD Mean SD t(df = 46) P
Age (years) 36.4 9.3 36.1 9.2 0.13 0.90
Education (years)a 16.3 3.0 15.0 2.5 1.57 0.12
Parental education (years) 12.9 2.5 12.5 2.9 0.61 0.54
Fagerstro¨m Test for Nicotine Dependence scoreb 0.4 1.4 2.1 2.9 2.56 0.01
Digit Span Test score 17.5 3.6 15.8 3.9 1.51 0.14
Mehrfachwahl-Wortschatz-Intelligenz-Test scorec 32.0 3.1 29.9 4.3 1.96 0.06
Regensburger Wortflu¨ssigkeits-Test-K scored 13.6 3.4 12.1 4.7 1.30 0.20
Regensburger Wortflu¨ssigkeits-Test-G-R scored 14.0 3.5 11.0 4.5 2.53 0.02
Trail-Making Task B (s) 41.9 14.2 52.7 19.4 2.21 0.03
Duration of illness (years) 8.3 8.2
Positive and Negative Symptom Scale scores
Positive symptoms 10.4 3.0
Negative symptoms 11.5 4.1
General psychopathology 21.4 4.0
Total 43.3 9.4
Medication (percentage of defined daily dose):
Antipsychotics, n = 23 156.9 77.3
Antidepressants, n = 8 127.1 58.9
n % n % 2 (df = 1) P
Gender 0.0 1.00
Male 14 58.3 14 58.3
Female 10 41.7 10 41.7
Handedness 1.00e
Right 24 100.0 23 95.8
Left 0 0.00 1 4.2
aIncluding formal 3-year job apprenticeship with compulsory 1 day/week school attendance and university education.
bThe Fagerstro¨m Test for Nicotine Dependence (FTND) is a screening instrument for nicotine dependence.
cThe Mehrfachwahl-Wortschatz-Intelligenztest (MWT-B) is a German multiple choice vocabulary intelligence test estimating subjects’ verbal crystallized intelligence.
dThe Regensburger Wortflu¨ssigkeits-Test (RWT) is a German verbal fluency test.
eFisher’s exact test, two-tailed P-value.
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Psychophysiological interaction
analysis
Psychophysiological interaction analysis addressed condition-
dependent functional connectivity between the auditory
cortex and the ACC (Friston et al., 1997; SPM8 software:
www.ﬁl.ion.ucl.ac.uk). Regions of interest were deﬁned ac-
cording to the automated anatomical labelling atlas (Tzourio-
Mazoyer et al., 2002). Average region of interest signals were
extracted from the high-pass ﬁltered volume time series and
normalized. The psychophysiological interaction analysis cal-
culated individual functional connectivity between the left and
right Heschl’s gyrus and the ACC as well as its modulation by
the experimental condition (mismatch versus standard condi-
tion). Repeated-measures analysis of variance (ANOVA) inves-
tigated condition and side (left versus right Heschl’s gyrus) as
intrasubject as well as group as intersubject factors. Fisher’s
least signiﬁcant difference test was applied as post hoc test.
Classifiers
As information-based procedure to determine differences in
brain activity between patients and controls, we applied a clas-
siﬁer algorithm. Therefore, a modiﬁed support vector machine
algorithm (Tang et al., 2012; Zeng et al., 2012) was applied to
two data sets: (i) condition-dependent brain activity as re-
ﬂected by the beta estimates of the GLM analysis (see also
Dinkel et al., 2013); and (ii) functional connectivity measured
by a correlation analysis across the whole brain. For both data
sets, the cerebrum was divided into the same 90 regions of
interest (45 in each hemisphere) according to the automated
anatomical labelling atlas (Tzourio-Mazoyer et al., 2002). In
the GLM-based approach, averaged beta values from the mis-
match condition were extracted from each region of interest,
resulting in 90 features per subject. In the functional connect-
ivity-based approach, time series were extracted from each
region of interest and Fisher’s z-transformed Pearson correl-
ation coefﬁcients were calculated for each pair of regions.
Thereby, we obtained a 90  90 correlation matrix.
Removing 90 diagonal elements, the upper triangle of the
matrix was extracted, resulting in 4005 functional connectivity
features per participant.
A ﬁltering and information-based feature selection procedure
was applied and a variable number of target features entered
the classiﬁer (Kachel et al., 2010). First, a ﬁlter selected fea-
tures exhibiting the most variance. Thereto, the features were
ranked based on their range, i.e. the difference between max-
imum and minimum, and at least 90 or the 2.5-fold of the
number of target features were selected. This procedure
ensured stability of the information-based feature selection
and made the GLM and functional connectivity condition
more comparable. Second, an information-based feature selec-
tion ranked the features according to absolute value of the
Kendall-Tau rank correlation coefﬁcients (Kendall and Jean,
1990) and a variable number of target features was selected,
which exhibited highest relation to the group indicator. Third,
the classiﬁer applied support vector machines with a linear
kernel (Bishop, 2006). Therefore, the support vector machine
yielded a maximal-margin hyperplane in the feature space,
which separated the groups in a training data set.
Classiﬁcation was tested in the left-out sample. The limited
number of subjects lent to the leave-one-out cross-validation
method to investigate the generalizability of the classiﬁcation
results. This cross-validation encompassed the feature ﬁltering
and selection as well as the classiﬁer. Accuracy (percentage of
participants detected correctly), sensitivity (percentage of
schizophrenia patients detected correctly), and speciﬁcity (per-
centage of controls detected correctly) quantiﬁed classiﬁcation
performance.
Results
General linear model analysis
Control subjects demonstrated activation to mismatch
blocks in bilateral auditory cortices comprising Heschl’s
and superior temporal gyri (tpeak voxel = 15.77, right super-
ior temporal gyrus). Further, activity emerged at the pre-
frontal cortex (right inferior frontal gyrus, bilateral middle
Figure 1 Schematic illustration of the optimized mismatch paradigm applied in this study. In a block design (8 min), presentation of
standard events (tone with complex partials, 100 ms duration, stimulus onset asynchrony = 500 ms) served as baseline (S; 30 s duration each
block). During mismatch blocks (M; 30 s), every second event varied in one randomly chosen feature, i.e. either in duration, location, frequency,
amplitude or an introduced gap.
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and superior frontal gyrus), the salience network (bilateral
insula and ACC / medial frontal gyrus) and posterior
portions of the default mode network (bilateral posterior
cingulate cortex, precuneus and angular gyrus).
Furthermore, deactivation was observed in the visual
system—comprising the occipital pole as well as portions
of the ventral (bilateral fusiform and inferior temporal
gyrus) and the dorsal stream (bilateral inferior and superior
parietal lobule)—and in the dorsal attention network (bi-
lateral intraparietal sulcus and frontal eye ﬁelds) as well as
the bilateral pre- and postcentral gyrus. For details see
Fig. 2A and Table 2.
The schizophrenia group yielded activation in bilateral
auditory cortices as well but statistics appeared lower at
the right auditory cortex (Table 2). Further, left pre- and
postcentral gyri were activated except for one cluster
comprising the left inferior and middle frontal gyrus, pre-
frontal brain areas, and insula failed yielding signiﬁcant
clusters. Moreover, the deactivation of the visual system
was less extended (k = 17 539 versus 83 305 voxels in con-
trols) and no signiﬁcant deactivation in the dorsal attention
network emerged (Fig. 2B and Table 2).
The group differences were conﬁrmed in the direct com-
parison: patients with schizophrenia exhibited less activa-
tion in the right auditory cortex including Heschl’s and
superior temporal gyrus compared to healthy controls
[tpeak = 3.98 at (62, 23, 3)]. Furthermore, lower activity
emerged in the prefrontal cortex encompassing the right
inferior frontal gyrus, bilateral middle and superior frontal
gyrus as well as the salience network (bilateral ACC,
medial frontal gyrus and right insula). Interestingly, the
observed deactivation patterns were also less prominent in
the patients, i.e. in visual areas comprising the occipital
pole, bilateral ventral and left dorsal stream as well as in
the left dorsal attention network (intraparietal sulcus).
Finally, the left pre- and postcentral gyrus was signiﬁcantly
higher activated in the patient group (Fig. 2C and Table 2).
Psychophysiological interaction
analysis
The ACC is considered a control structure for auditory
processing (Friston and Frith, 1995) and exhibited the
strongest group difference in the GLM analysis. The psy-
chophysiological interaction analysis, therefore, investigated
its functional connectivity with both auditory cortices (left
and right Heschl’s gyrus). A signiﬁcant condition-group
interaction emerged [F(1,46) = 7.45, P = 0.007]. The other
effects and interactions failed signiﬁcance in the ANOVA
[all F(1,46)51.00, P4 0.4]. Post hoc Fisher’s least signiﬁ-
cant difference test revealed a signiﬁcant difference in func-
tional connectivity between the mismatch and standard
conditions only in healthy controls (P = 0.01) and between
the groups in the mismatch condition (P = 0.04).
Classifiers
Cross-validation of the classiﬁer using GLM data yielded a
maximal accuracy of 83% (sensitivity 83%, and speciﬁcity
83%) with four features. No further improvement emerged
Figure 2 Haemodynamic response to mismatch blocks. Activation clusters of healthy controls (n = 24; first row), schizophrenia patients
(n = 24; second row) and healthy controls4 schizophrenia patients (third row) for the contrast mismatch4 standard (baseline) condition. Both
groups exhibited prominent auditory activations, which differed at the right auditory cortex. Prefrontal and salience network responses were only
observed in the control group yielding a significant group difference. The deactivation in the visual system was significantly stronger in the
controls. For each contrast, the threshold was set to P5 0.05 and a corrected cluster size threshold based on a Monte-Carlo simulation was
applied. z-coordinates refer to the Talairach system.
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Table 2 Local maxima of significant activation clusters
Anatomic area Healthy controls (n = 24) Patients (n = 24) Healthy controls4Patients
Talairach
coordinates
t-score Talairach
coordinates
t score Talairach
coordinates
t score
x y z (df = 23) x y z (df = 23) x y z (df = 46)
Auditory system
L. Heschl’s gyrus 43 23 6 11.29 37 31 12 11.49
R. Heschl’s gyrus 53 12 3 13.22 50 19 9 10.67 53 11 6 2.49
L. sup. temporal gyrus 4 23 6 11.93 55 26 9 13.83
R. sup. temporal gyrus 59 26 9 15.77 50 26 12 11.24 62 23 3 3.98
Prefrontal cortex
L. inf. frontal gyrus 55 16 30 4.33
R. inf. frontal gyrus 50 11 2 4.18 44 34 6 3.44
L. mid. frontal gyrus 24 1 60 4.22 51 13 34 3.36 24 50 6 2.48
R. mid. frontal gyrus 32 52 6 4.81 38 10 45 3.94
L. sup. frontal gyrus 19 1 57 5.69 12 31 36 4.13
R. sup. frontal gyrus 32 53 7 4.33 17 52 6 3.66
Salience network
L. anterior cingulate cortex 13 40 15 4.36 0 37 3 4.19
R. anterior cingulate cortex 5 37 6 4.40 5 37 6 4.82
L. medial frontal gyrus 10 31 39 4.71 10 31 36 4.52
R. medial frontal gyrus 11 37 36 4.50 3 28 45 4.20
L. insula 38 19 6 3.53
R. insula 32 25 0 3.79 34 16 0 4.15
Visual system (occipital pole)
L. inferior occipital gyrus 34 86 6 5.91 34 88 6 4.47
R. inferior occipital gyrus 35 83 9 6.31 31 82 6 3.39 38 83 6 4.02
L. middle occipital gyrus 34 86 2 5.74 31 86 21 3.95 40 89 5 4.47
R. middle occipital gyrus 35 86 7 5.70 29 66 27 3.89 30 86 0 3.46
L. superior occipital gyrus 13 92 1 5.26 22 68 22 3.21 23 66 33 3.43
R. superior occipital gyrus 25 74 21 5.22 29 74 15 3.79 20 95 4 2.77
L. cuneus 15 86 36 2.62
R. cuneus 20 85 9 4.18 18 65 33 3.43 15 98 4 2.10
L. calcarine 10 92 3 5.40 13 86 6 2.91 7 98 3 3.54
R. calcarine 24 90 1 5.13 21 80 4 3.09 10 97 6 3.30
L. lingual gyrus 14 89 3 4.91 34 89 15 3.90
R. lingual gyrus 25 89 6 5.91 24 78 0 3.24 23 86 12 4.17
Visual system (ventral stream)
L. inferior temporal gyrus 46 62 6 4.94 42 49 12 2.96
R. inferior temporal gyrus 41 54 9 4.87 47 68 6 3.40 39 61 12 2.96
L. fusiform gyrus 37 50 12 5.47 37 50 12 3.85
R. fusiform gyrus 29 86 6 6.09 24 41 12 4.08 24 86 12 4.05
Visual system (dorsal stream)
L. inferior parietal lobule 31 56 45 4.81 34 47 48 2.80
R. inferior parietal lobule 44 53 37 4.92 27 51 54 3.06
L. superior parietal lobule 22 65 45 4.86 19 59 42 3.90
R. superior parietal lobule 35 44 51 4.88
Dorsal attention network
L. intraparietal sulcus 21 65 48 4.17 22 68 48 3.16
R. intraparietal sulcus 26 60 48 4.60
L. frontal eye field 25 8 50 3.74
R. frontal eye field 26 14 48 3.70
Default mode network (posterior nodes)
L. precuneus 7 65 30 4.37
R. precuneus 5 53 33 4.62
L. posterior cingulate 4 53 21 3.96
R. posterior cingulate 5 50 30 4.13
L. angular gyrus 49 68 31 4.40
R. angular gyrus 44 53 36 5.19
(continued)
1416 | BRAIN 2015: 138; 1410–1423 A. J. Gaebler et al.
with increasing numbers of features (Fig. 3). As compared
to the GLM result, the functional connectivity classiﬁer
performed similarly or worse for up to 10 features.
However, an improvement was observed after inclusion
of 410 features and 524 features yielded a maximal
accuracy of 90% (sensitivity 88% and speciﬁcity 92%).
In a further analysis, we studied features that were con-
sistently selected across the cross-validation procedure.
As concerns the GLM data, the ACC was the most discrim-
inative feature followed by the middle frontal gyrus and
inferior occipital gyrus (Table 3). Among the 20 most dis-
criminating functional connectivity features, 17 features
reﬂected correlations between brain signals exhibiting
task-related responses in the GLM analysis (Table 4); six
of these features reﬂected connectivity between auditory
and prefrontal cortex or salience network (Features 4, 6,
8, 10, 16 and 20 in Table 4). The remaining features
involved prefrontal and visual areas, the paracentral
lobule as well as frontostriatal connections.
Discussion
We investigated the haemodynamic analogue of auditory
mismatch processing in patients with schizophrenia and
healthy participants. In addition to the well-documented
hyposensitivity of auditory areas to the mismatch detection,
schizophrenia was associated with a reduced activity of
prefrontal (inferior, middle and superior frontal gyri) and
salience networks (insula and ACC extending into medial
frontal gyri). Further, the associated deactivation of visual
processing areas was reduced in the patients. These im-
paired responses to the deviant auditory stimuli across a
distributed network yielded 80% classiﬁcation accuracy.
However, additional information for the group discrimin-
ation emerged from functional connectivity measures. First,
functional coupling between the auditory cortices and ACC
was diminished in the patients. Second, inclusion of func-
tional connectivity measures across the distributed net-
works yielded higher classiﬁcation accuracy. In summary,
pathophysiology of unattended deviant processing in
schizophrenia is characterized by distributed dysconnectiv-
ity in addition to deﬁcient processing at auditory and pre-
frontal cortices as well as the salience network.
Auditory system
Impaired mismatch processing is a well-documented neuro-
physiological deﬁcit in schizophrenia (reviewed in Javitt,
2009a, b). The optimum mismatch design is a variant
with a high number of deviant events, and it can also
detect processing deﬁcits in schizophrenia using EEG and
MEG (Tho¨nnessen et al., 2008). This study documented for
the ﬁrst time haemodynamic brain responses to an adapted
optimum design and the associated processing deﬁcit in
Table 2 Continued
Anatomic area Healthy controls (n = 24) Patients (n = 24) Healthy controls4Patients
Talairach
coordinates
t-score Talairach
coordinates
t score Talairach
coordinates
t score
x y z (df = 23) x y z (df = 23) x y z (df = 46)
Sensorimotor cortex
L. precentral gyrus 28 26 60 3.34 49 5 45 5.55 40 11 54 5.65
R. precentral gyrus 39 14 36 4.63
L. postcentral gyrus 20 44 66 4.42 46 14 48 5.71 45 11 36 3.72
R. postcentral gyrus 26 41 63 5.03
L. = left, R. = right. Anatomical labels were obtained using the automated anatomical labeling atlas. Labels for areas belonging to the same gyrus were concatenated under the label of
the respective gyrus. Since the dorsal attention network (bilateral intraparietal sulcus and frontal eye field) is not included in the automated anatomical labeling atlas, the respective
regions were defined as 8 mm (diameter) spheres centered on previously published foci (31) : (x,y,z) = (23,66, 51) for the left intraparietal sulcus; (24, 63, 49) for the right
intraparietal sulcus, (23, 11, 49) for the left frontal eye field and (28, 12, 49) for the right frontal eye field.
Figure 3 Information increase for many functional con-
nectivity features. Classification accuracy depending on the
number of selected features from GLM effect estimates (blue line)
and functional connectivity measures (green line). Already based on
few features from the region of interest activation (GLM analysis),
accuracy was 80%; this rate is similar to other MMN studies
(e.g. Tho¨nnessen et al., 2008). For connectivity features, higher
numbers of features led to still higher classification accuracy
(up to 90%), suggesting distributed contribution of network
dysfunction to schizophrenia.
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schizophrenia. At the corrected threshold, patients ex-
hibited reduced responses in the right but not the left audi-
tory cortex. Such a right lateralized deﬁcit is consistent with
the previous comparative functional MRI-MEG study,
which documented a reduced right-hemispheric lateraliza-
tion of mismatch responses in patients with corresponding
haemodynamic and electrophysiological measures (Kircher
et al., 2004). This lateralization pattern may reﬂect higher
right-hemispheric proﬁciency for tone processing (e.g.
Mathiak et al., 2002b). However, lateralization may
depend on stimulus and deviant type, e.g. pure tones with
frequency deviants elicited left dominant MMN responses
in healthy control subjects as well as left dominant deﬁcits
in patients with schizophrenia (Park et al., 2002).
The haemodynamic analogue of mismatch responses thus
is in agreement with a model of sensory processing deﬁcits
at the level of the auditory cortex in schizophrenia.
Frontal and salience networks
The control group further exhibited widespread activation
of prefrontal brain areas including inferior, middle, and
superior frontal gyri. With respect to mismatch processing,
prefrontal activation has been considered to reﬂect mech-
anisms for attention shifts triggered by the auditory change
detection (Na¨a¨ta¨nen, 1995; Schall et al., 2003)—potentially
as a result of further processing according to a prediction
error hypothesis (Winkler et al., 1996). Compared to con-
trols, patients exhibited signiﬁcantly lower activation across
the entire prefrontal cortex in agreement with previous
EEG studies (Baldeweg et al., 2002; Takahashi et al.,
2012). Notably, the two previous functional MRI studies
on mismatch responses in schizophrenia failed to reproduce
this ﬁnding (Wible et al., 2001; Kircher et al., 2004).
Conceivably, the higher number of participants and the
optimized mismatch design yielded the conﬁrmation of
reduced frontal activation by functional MRI. The opti-
mum design may be associated with high mismatch ampli-
tudes (Tho¨nnessen et al., 2008) and MMN deﬁcits in
schizophrenia were particularly marked for deviants with
high MMN amplitudes (Javitt et al., 1998; Shelley et al.,
1999; Sato et al., 2003). Todd et al. (2012) argued that
such a lowered dynamic range to respond to deviant stimuli
may interfere with associating salience to relevant cues and
thereby affecting processing at higher cognitive levels.
The group differences were most pronounced in the
medial frontal gyrus and the ACC similar to a recent
EEG study with 410 patients with schizophrenia
(Takahashi et al., 2012). In addition, our patients exhibited
a reduced functional connectivity between auditory cortex
and ACC. Indeed, the most discriminating features for the
functional connectivity-based classiﬁer comprised connec-
tions between bilateral auditory and frontal regions such
as the superior frontal gyrus, medial frontal gyrus, and
ACC (Table 4). Therefore, the present results support the
view that the prominent mismatch processing deﬁcit in the
frontal areas may be in part explained by dysconnectivity
between temporal and frontal brain structures (Friston and
Frith, 1995; Stephan et al., 2006). Reciprocal anatomical
connections between these regions may serve stimulus-
driven orienting of attention (Barbas et al., 1999).
Dysconnectivity in schizophrenia may manifest as the
symptomatic attention deﬁcit.
Controls activated the anterior insula more than patients
during mismatch processing. The anterior insula in con-
junction with the ACC and the medial frontal cortex con-
stitute the salience network (Seeley et al., 2007). In a
stimulus-rich environment, the salience network subserves
‘to identify the most homeostatically relevant among these
myriad inputs’ (Seeley et al., 2007), and thus allows allo-
cating attentional resources for orienting towards relevant
stimuli. Recently, the salience network has been considered
as a neural substrate of the aberrant salience model which
represents one of the most inﬂuential contemporary models
of positive symptoms in schizophrenia (Kapur, 2003).
This model proposes that positive symptoms arise from
inappropriate assignment of salience to stimuli which
would normally be considered irrelevant. At the neural
level, excessive dopaminergic signalling within the mesolim-
bic circuit and, recently, a dysfunction of the salience net-
work (Menon, 2011; Palaniyappan et al., 2011, 2012) have
been considered to underlie aberrant salience attribution to
external events and internal representations, thus leading to
delusions and hallucinations, respectively. Indeed, a variety
of studies have revealed a close relationship between aber-
rant salience network activity and positive symptoms in
Table 3 Most discriminating features from GLM
analysis
Number Region Kendall Tau

1 R. anterior cingulate cortex 0.57
2 R. middle frontal gyrus, orbital portion 0.56
3 L. inferior occipital gyrus 0.52
4 R. inferior occipital gyrus 0.52
5 L. superior parietal lobule 0.48
6 R. medial frontal gyrus 0.44
7 L. middle occipital gyrus 0.43
8 R. superior temporal gyrus 0.42
9 L. anterior cingulate cortex 0.41
10 R. middle frontal gyrus 0.40
11 R. insula 0.39
12 L. fusiform gyrus 0.39
13 L. precentral gyrus 0.39
14 L. Thalamus 0.38
15 R. fusiform gyrus 0.35
16 L. medial frontal gyrus 0.34
17 L. calcarine 0.34
18 L. superior frontal gyrus, orbital portion 0.33
19 R. middle occipital gyrus 0.33
20 R. calcarine 0.33
L. = left, R. = right. A positive correlation coefficient  indicates that the feature was
larger in the control group compared to the patient group, whereas a negative cor-
relation coefficient indicates that it was larger in the patient group.
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schizophrenia (Liddle et al., 1992; Jardri et al., 2011;
Palaniyappan et al., 2011). Within the framework of pre-
dictive coding models, the chaotic neural activity underly-
ing aberrant salience attribution has been considered to
manifest as aberrant encoding of prediction errors
(Fletcher and Frith, 2009). Predictive coding models
assume hierarchical neural systems where each level re-
ceives bottom-up information about sensory input from
the level below and top-down predictions about that
input from the level above. A prediction error refers to a
mismatch between the incoming sensory information
(bottom-up input) and prior expectation (top-down predic-
tion). Notably, the salience network has been repeatedly
shown to be involved in prediction error coding
(Kennerley et al., 2006; Clark et al., 2008; Murray et al.,
2008; Preuschoff et al., 2008). Lieder et al. (2013) con-
ducted a formal cross-comparison of all major MMN the-
ories. Using a Bayesian framework, models based on the
free energy principle, such as the prediction error model
(Garrido et al., 2009), provided a more plausible explan-
ation of trial-by-trial changes in the MMN amplitude in a
roving paradigm. According to that model, MMN is a pre-
diction error signal, resulting from a mismatch between the
auditory input (deviant) and a predictive memory trace.
Different sources of evidence suggest a link between
dopaminergic signalling and the salience network (for a
review, see Palaniyappan et al., 2012), e.g. both the
insula and ACC exhibit a relatively high density of extra-
striatal dopamine transporters (Wang et al., 1995).
Furthermore, a PET study revealed a positive correlation
between the binding potential of the dopamine D2/D3-
receptor ligand 18F-fallypride and grey matter density in
both regions (Woodward et al., 2009). However, MMN
was not inﬂuenced by dopaminergic-modulations as mea-
sured by EEG and MEG (Ka¨hko¨nen et al., 2001, 2002;
Pekkonen et al., 2002; Leung et al., 2007, 2010).
Conceivably, the EEG/MEG-signal of the MMN is domi-
nated by generators from the auditory cortex. This, how-
ever, has not been studied with respect to the
haemodynamic analogue of the MMN, which may reﬂect
later and dopamine-mediated processes. The involvement of
the salience network as observed in our study may reﬂect
higher order processes which are secondary to deviant
detection, e.g. the integration of the prediction error signal-
ling in adequate behavioural responses or attention shifts.
Other sensory systems
Control subjects exhibited deactivation of visual and sen-
sorimotor areas. Suppression of the visual cortex during
auditory mismatch processing has been observed previously
(Schock et al., 2012). Such a ﬁnding can be interpreted in
line with the classical suggestion of automatic attention al-
location in mismatch processing (Na¨a¨ta¨nen, 1995; Schall
et al., 2003). Similarly, recent computational models sug-
gest mismatch responses to indicate prediction errors
(Lieder et al., 2013), and this ‘signal, after further process-
ing, may participate in the directing of attention’ (Winkler
et al., 1996). Such an error signal enables focal resource
allocation for capacity sharing (Tombu and Jolicoeur,
Table 4 Most discriminating features from the functional connectivity analysis
Number Region 1 Region 2 Kendall Tau

1 L. fusiform gyrus R. fusiform gyrus 0.59
2 L. lingual gyrus R. paracentral lobule 0.55
3 R. caudate nucleus L. supplementary motor area 0.54
4 R. superior frontal gyrus R. Heschl’s gyrus 0.53
5 R. amygdala L. paracentral lobule 0.53
6 R. anterior cingulate cortex L. Heschl’s gyrus 0.52
7 R. inferior frontal gyrus, orbital portion L. middle occipital gyrus 0.52
8 L. anterior cingulate cortex L. Heschl’s gyrus 0.52
9 R. lingual gyrus R. paracentral lobule 0.51
10 L. medial frontal gyrus L. Heschl’s gyrus 0.50
11 R. inferior frontal gyrus, pars triangularis R. middle occipital gyrus 0.49
12 R. caudate nucleus R. supplementary motor area 0.49
13 L. fusiform gyrus R. inferior occipital gyrus 0.49
14 L. posterior cingulate cortex L. paracentral lobule 0.49
15 L. cuneus L. temporal pole, superior portion 0.49
16 R. anterior cingulate cortex L. superior temporal gyrus 0.48
17 L. caudate nucleus L. superior frontal gyrus 0.48
18 R. lingual gyrus R. postcentral gyrus 0.48
19 R. inferior frontal gyrus, orbital portion R. middle frontal gyrus, orbital portion 0.48
20 R. medial frontal gyrus R. Heschl’s gyrus 0.47
L. = left, R. = right. A positive correlation coefficient  indicates that the feature (functional connectivity measure) was larger in the control group compared to the patient group,
whereas a negative correlation coefficient indicates that it was larger in the patient group.
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2003). Indeed a shift of resources away from the visual
towards the auditory domain during mismatch processing
has been found in a behavioural experiment (Schock et al.,
2013). Along those lines in our experiment, the healthy
participants deactivated the dorsal attention network
(Corbetta and Shulman, 2002; Kincade et al., 2005) and
the default mode network became more active. Activity of
the dorsal attention network is associated with selective
attention towards the visual modality and is anti-correlated
to the activity of the default mode network (Fox et al.,
2005). Considering the physiological mechanisms of these
distributed networks in healthy controls, reduced modula-
tion of the visual system and the dorsal attention network
in the patients underscores the relevance of disturbed mis-
match processing for distributed network functions.
Classifiers
To further disentangle the pathophysiological contributions
of the distributed neuronal activity during mismatch pro-
cessing to schizophrenia, a classiﬁer analysis investigated
the contribution of an increasing number of features.
Already four features obtained from the GLM analysis
allowed for over 80% classiﬁcation accuracy. Such classiﬁ-
cation rates are in agreement with previous studies applying
a variety of classiﬁers to functional MRI (Demirci et al.,
2008; Shen et al., 2010) and other neurophysiological data
(Tho¨nnessen et al., 2008). These numbers also underpin
that brain imaging data may serve as robust endopheno-
types. However, such performance is not satisfactory for
diagnostic or screening tests.
Functional connectivity data yielded high diagnostic ac-
curacy, e.g. 94.3% for major depression (Zeng et al.,
2012). Similarly, when allowing for 24 or more functional
connectivity features, our schizophrenia group was detected
with 90% accuracy. This may be a conservative estimation
and a further potential remains to improve classiﬁcation
performance for a better preselection of features. So far,
an even higher accuracy has been previously reported
using eye tracking data only (Benson et al., 2012). A dis-
cussion in how far such measures would provide a repro-
ducible and generalizable test which is selective for
schizophrenia is beyond the scope of the current study.
Nevertheless, the implications for the observed pathophysi-
ology are noteworthy. In the classiﬁcation analysis, func-
tional connectivity features from distinct neural networks
contribute to the separation of patients with schizophrenia
and control participants. This may be taken as an indica-
tive that in the individuals different proﬁles of disturbed
connectivity are present. Accordingly not only sensory def-
icits and resulting higher order processing deﬁcits would be
associated with schizophrenia but dysconnectivity may con-
tribute to a variable degree to impaired mismatch
processing.
Altered connectivity is a consistent ﬁnding in schizophre-
nia (Friston and Frith, 1995), which may reﬂect aberrant
NMDAR-dependent synaptic plasticity (Stephan et al.,
2006). Notably, MMN deﬁcits were found after applica-
tion of the NMDAR antagonist ketamine—both locally in
primate auditory cortices (Javitt et al., 1996) and systemic-
ally in humans (Umbricht et al., 2002). The sensory pro-
cessing deﬁcits in schizophrenia (Siegel et al., 1984; Javitt,
2009a, b) may just reﬂect the dysconnectivity and MMN
paradigms may be useful to study synaptic plasticity during
perceptual learning (Stephan et al., 2006). Further,
NMDAR-dependent synaptic plasticity is modulated by dif-
ferent neurotransmitters such as acetylcholine, dopamine
and serotonin (Stephan et al., 2006). Consequently, differ-
ent pathways may contribute to such aberrant synaptic
plasticity in schizophrenia. Whereas dopaminergic manipu-
lation does not conceivably affect the MMN amplitude (see
above), a serotonergic effect was conﬁrmed in different
studies which revealed an increase of the MMN amplitude
by SSRIs (selective serotonin reuptake inhibitors) (Wienberg
et al., 2010).
The cholinergic system plays a central role in models of
perceptual learning (Friston, 2005) but had varying effects
on mismatch responses: a single dose of the muscarinic re-
ceptor antagonist scopolamine yielded decreased MMN
amplitudes in young healthy subjects (Pekkonen et al.,
2001) but not in elderly (Pekkonen et al., 2005). In con-
trast, nicotinergic stimulation increased the MMN ampli-
tude in a group of healthy subjects (Harkrider et al., 2005),
but in another study nicotinergic effects depended on base-
line MMN amplitudes (Knott et al., 2014). In patients with
schizophrenia, exposure to nicotine did not affect the
MMN amplitude (Fisher et al., 2012). Thus, different
mechanisms seem to inﬂuence the cholinergic modulations
of MMN generators. In summary, the complementing in-
formation from various networks to the diagnostic classiﬁer
suggests synergistic deﬁcits in bottom-up and salience pro-
cessing as well as wide-spread dysconnectivity.
Limitations
In this study, all patients received psychotropic medication.
Hence, medication effects cannot be excluded. Nevertheless,
the mismatch deﬁcit in schizophrenia persists irrespective of
neuroleptic medication (Catts et al., 1995) and antidepres-
sants such as SSRIs even increased the MMN (Wienberg
et al., 2010). Therefore, it is unlikely that the ﬁndings re-
ﬂect mere medication effects. However, only a systematic
study on medicated, unmedicated and medication-naive pa-
tients may resolve this ambiguity. Further, the limited tem-
poral resolution of functional MRI does not allow for
separation of responses to the different deviant types as
well as the different neurophysiological components such
as N1 (fronto-central negativity 100ms after sound
onset), MMN, P2b (positive potential about 200ms after
onset), or P3a (before 300ms after oddball) emerging at
different latencies. Conceivably, the current experiment in-
tegrates all the effects and thus may show processing def-
icits to different types of deviants at different processing
levels and in different neurotransmitter systems.
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The spatial patterns of the detected networks span those
described in Takahashi et al. (2012) for both the MMN
and the subsequent P3a. Finally, the resampling based
cross-validation suffers the risk of biased estimators and a
cross-validation in an independent sample would be
required to corroborate the performance measures of neu-
roimaging-based classiﬁers.
Conclusion
Schizophrenic symptoms manifest in different phenotypes.
Among others, aberrant salience network activity, sensory
processing deﬁcits, prefrontal hypoactivation as well as
prefrontal-temporal dysconnectivity are discussed as under-
lying neural mechanisms. Our ﬁndings suggest that the well-
documented MMN reduction in schizophrenia may reﬂect a
direct consequence of each of them. Functional MRI disen-
tangled the different neural networks, which are impaired
during mismatch processing in schizophrenia. Speciﬁcally,
for a subset of features in most of the patients, the classiﬁer
detected some characteristics of altered functional connectiv-
ity. We suggest that mismatch processing across large-scale
networks may serve as a promising biomarker capturing
several core impairments in schizophrenia.
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